Introduction {#sec1}
============

Bone marrow-derived mesenchymal stem cells (BMSCs) are pluripotent progenitors that have the potential to differentiate into multiple cell types, such as osteoblasts, chondrocytes, adipocytes, osteocytes, and myoblasts.[@bib1], [@bib2], [@bib3] General bone homeostasis relies on the balance between osteogenesis and adipogenesis of BMSCs. The imbalance may lead to pathological consequences, including osteoporosis, which is characterized by a decrease in bone mass and an increase in bone marrow fat accumulation.[@bib4], [@bib5], [@bib6] Osteoporosis affects many people all over the world, especially postmenopausal women and senior citizens. With the growth of a large aging population, osteoporosis has drawn a lot of attention.[@bib7] Owing to the abundant sources, strong differentiation potential, and easy access, BMSCs are extensively applied for treatment of osteoporosis and other bone-related diseases.[@bib8], [@bib9]

MicroRNAs (miRNAs) have emerged as a class of small single-stranded noncoding RNAs that are approximately 22 nt in length.[@bib10], [@bib11], [@bib12] It is well-known that miRNAs regulate some pathways involved in the pathological conditions through binding to the 3ʹ UTR of the target genes.[@bib13], [@bib14], [@bib15] Recently, several miRNAs have been found to be associated with the differentiation of stem cells.[@bib16], [@bib17], [@bib18] For example, it is found that miR-194 inhibits the adipogenesis of mesenchymal stem cells (MSCs) by directly regulating chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII) expression.[@bib19] In addition, miR-135 positively regulates the osteogenic differentiation of adipose-derived stem cells (ADSCs) based on the elevation of bone markers and increase of extracellular matrix calcium deposition through the HOXA2/runt-related transcription factor 2 (RUNX2) pathway.[@bib20] Overall, these findings strongly support the crucial functional roles of miRNAs in regulating the differentiation of BMSCs. However, little is known about the regulatory effects of miR-149-3p in regulating the switch between the osteogenic differentiation and adipogenic differentiation of BMSCs.

In this study, we found that miR-149-3p was differentially expressed during adipogenic and osteogenic differentiation of BMSCs. We hypothesized that miR-149-3p might regulate the switch between adipogenesis and osteogenesis of BMSCs. However, the functional roles and mechanism of miR-149-3p in the osteoporosis-induced decreased osteogenic differentiation ability and increased accumulation of fat required further investigation. Therefore, we performed this study to systematically investigate the association between miR-149-3p and differentiation of BMSCs, and to explore the molecular mechanisms involved. This study provided deeper insights into the regulation of BMSC differentiation and presented new effective methods for treating osteoporosis.

Results {#sec2}
=======

miR-149-3p Is Associated with the Adipogenic Differentiation of BMSCs {#sec2.1}
---------------------------------------------------------------------

BMSCs have the potential to differentiate into multiple cell types under certain conditions. Our previous findings investigated that BMSCs were capable of differentiating into adipocytes in the presence of adipogenic-induced medium (AM).[@bib21] In the present study, oil red O (ORO) staining was performed for the identification of adipocytes. As shown in the photomicrographs, the number and area of adipocytes were significantly increased in BMSCs after adipogenic differentiation of 16 days ([Figure 1](#fig1){ref-type="fig"}A). We further measured the expression of adipocyte-related genes, including CCAAT/enhancer binding protein alpha (CEBPA), CCAAT/enhancer binding protein beta (CEBPB), CCAAT/enhancer binding protein delta (CEBPD), fatty acid binding protein 4 (FABP4), and peroxisome proliferator-activated receptor gamma (PPARG). The results of quantitative real-time PCR analysis indicated that the expression of these genes was much higher in BMSCs after adipogenesis for 16 days ([Figure 1](#fig1){ref-type="fig"}B). The above results suggested that BMSCs had greater adipogenic potential, and they were induced into adipocytes successfully. Quantitative real-time PCR analysis showed that the expression level of miR-149-3p was significantly decreased after adipogenic induction and reduced by about 30% on day 16 ([Figure 1](#fig1){ref-type="fig"}C). Taken together, miR-149-3p exhibited dysregulated expression during adipogenesis of BMSCs.Figure 1The Expression of miR-149-3p in BMSCs during Adipogenesis(A) ORO staining was performed to detect the adipogenic differentiation of BMSCs, and quantification analysis of ORO staining was conducted. Scale bar, 200 μm. (B) Relative mRNA expression of adipocyte marker genes on day 16 of adipogenesis. (C) The expression of miR-149-3p was measured by quantitative real-time PCR analysis during adipogenic differentiation. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001. NM, normal culture medium; AM, adipogenic induced medium; CEBPA, CCAAT/enhancer binding protein alpha; CEBPB, CCAAT/enhancer binding protein beta; CEBPD, CCAAT/enhancer binding protein delta; FABP4, fatty acid binding protein 4; PPARG, peroxisome proliferator-activated receptor gamma.

Overexpression of miR-149-3p Inhibits the Adipogenic Differentiation of BMSCs {#sec2.2}
-----------------------------------------------------------------------------

To mechanistically characterize the effect of miR-149-3p for regulating adipogenesis, we transfected BMSCs with miR-149-3p mimic for subsequent experiments. Quantitative real-time PCR analysis revealed that the expression of miR-149-3p was approximately 13 times higher in BMSCs after transfection of miR-149-3p mimic than its negative control (NC) for 24 h, which confirmed that miR-149-3p mimic was transfected into BMSCs successfully ([Figure 2](#fig2){ref-type="fig"}A). ORO staining demonstrated that miR-149-3p mimic inhibited the lipid droplet formation in BMSCs after adipogenic differentiation for 16 days ([Figure 2](#fig2){ref-type="fig"}B). In addition, overexpression of miR-149-3p significantly reduced the expression of the genes associated with adipogenic differentiation, including CEBPA, CEBPB, CEBPD, FABP4, and PPARG ([Figure 2](#fig2){ref-type="fig"}C). To assess the effect of miR-149-3p on the expression of the adipocyte-specific gene PPARG during adipogenic differentiation under AM-induced conditions, we transfected BMSCs with miR-149-3p mimic or mimic-NC and cultured them in AM for 4 days. Imaging of the immunofluorescence staining by microscope showed that the number of PPARG-positive cells was reduced after transfection of miR-149-3p mimic in comparison with mimic-NC ([Figure 2](#fig2){ref-type="fig"}D).Figure 2The Effects of miR-149-3p Mimic on Adipogenic Differentiation of BMSCs(A) The expression level of miR-149-3p in BMSCs after transfection with miR-149-3p mimic. (B) ORO staining was used to test the adipocyte formation in BMSCs treated with miR-149-3p mimic. Histograms showed the quantification of adipocytes. Scale bar, 200 μm. (C) The relative expression of adipocyte-related genes in BMSCs after transfection of miR-149-3p mimic. (D) Immunofluorescence of PPARG with DAPI counterstaining in mimic-NC, miR-149-3p mimic groups after adipogenic differentiation on day 4. Scale bar, 100 μm. (E) ORO staining was performed to detect the effects of miR-149-3p mimic on adipogenic differentiation of BMSCs isolated from the Sham or OVX group, and the quantification analysis of ORO staining was shown. Scale bar, 200 μm. \**p* \< 0.05, \*\*\**p* \< 0.001.

To further explore whether miR-149-3p regulates the adipogenic differentiation of BMSCs isolated from oophorectomy (OVX)-induced osteoporotic mice, we constructed Sham-operated mouse models or OVX-caused osteoporotic mouse models, respectively. BMSCs were isolated from mice of these two groups and transfected with miR-149-3p mimic or mimic-NC, and ORO-stained cells were imaged using a microscope to measure the adipogenesis of BMSCs after adipogenic differentiation of 16 days. The results uncovered that the adipogenic potential of BMSCs from mice with osteoporosis was stronger than that in the Sham group ([Figure 2](#fig2){ref-type="fig"}E). In addition, overexpression of miR-149-3p obviously decreased the adipogenesis of BMSCs in both the Sham and the OVX group ([Figure 2](#fig2){ref-type="fig"}E). Therefore, we concluded that overexpression of miR-149-3p effectively attenuated the adipogenic differentiation of BMSCs and inhibited the adipogenesis of BMSCs from osteoporotic mice.

Knockdown of miR-149-3p Promotes the Adipogenesis of BMSCs {#sec2.3}
----------------------------------------------------------

As a second step to study the probable role of miR-149-3p in BMSCs during adipogenesis, we transfected miR-149-3p anti-miRNA oligonucleotide (AMO) into BMSCs for 24 h to knock down miR-149-3p. Also, the expression of miR-149-3p in BMSCs transfected with miR-149-3p AMO was measured using quantitative real-time PCR analysis. The results observed that the expression of miR-149-3p was reduced by approximately 65% after transfection of miR-149-3p AMO ([Figure 3](#fig3){ref-type="fig"}A). To further validate the adipocyte differentiation in BMSCs following transfection with miR-149-3p AMO, we performed ORO staining after induction of 16 days. In contrast with the above results, inhibition of miR-149-3p dramatically accelerated the adipogenesis of BMSCs compared with its NC ([Figure 3](#fig3){ref-type="fig"}B). As analyzed by quantitative real-time PCR analysis, the expression of adipogenesis-related genes, including CEBPA, CEBPB, CEBPD, FABP4, and PPARG, was notably enhanced after exposure to miR-149-3p AMO ([Figure 3](#fig3){ref-type="fig"}C). Immunofluorescence assay also suggested that transfection of miR-149-3p AMO resulted in an increase in the percentage of PPARG-positive cells, indicating knockdown of miR-149-3p played a positive role in the adipogenesis of BMSCs ([Figure 3](#fig3){ref-type="fig"}D). In addition, knockdown of miR-149-3p was able to increase the adipogenic potential of BMSCs ([Figure 3](#fig3){ref-type="fig"}E). These results concluded that suppression of miR-149-3p increased the adipogenic capacity of BMSCs.Figure 3The Roles of miR-149-3p AMO in Adipogenesis of BMSCs(A) The expression level of miR-149 in BMSCs after transfection with miR-149-3p AMO. (B) The roles of miR-149-3p AMO in the adipogenic differentiation of BMSCs was examined by ORO staining. Scale bar, 200 μm. (C) The relative expression of adipocyte-related genes was analyzed by quantitative real-time PCR analysis. (D) Immunofluorescence staining analyzed the PPARG-positive BMSCs after transfection of miR-149-3p AMO and AMO-NC. Scale bar, 100 μm. (E) ORO staining was conducted to determine the effects of miR-149-3p AMO on adipogenic differentiation of BMSCs, which were from the Sham or OVX group. Scale bar, 200 μm. The quantification analysis of ORO staining also was performed. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.

miR-149-3p Was Involved in the Osteogenic Differentiation of BMSCs {#sec2.4}
------------------------------------------------------------------

To study whether miR-149-3p was involved in the osteogenic differentiation, we cultured BMSCs in normal culture medium or osteogenic induction medium (OM) for 14 days. Alizarin red S (ARS) and alkaline phosphatase (ALP) staining showed that osteogenic induced medium obviously promoted the osteoblastic differentiation of BMSCs, leading to a marked increase in mineralized matrix ([Figure 4](#fig4){ref-type="fig"}A). Quantitative real-time PCR analysis supported the notion that osteogenic induced medium improved the expression levels of osteoblast-specific genes, including ALP, Osteocalcin (BGLAP), secreted phosphoprotein 1 (SPP1), collagen type I alpha 1 chain (COL1A1), and bone morphogenetic protein 4 (BMP4) ([Figure 4](#fig4){ref-type="fig"}B). To further test the physiological function of miR-149-3p in the osteogenic differentiation, we obtained results about the expression of miR-149-3p during the osteogenesis. Interestingly, the expression of miR-149-3p was about five times higher in BMSCs treated with OM than that in BMSCs cultured in normal culture medium for 14 days, which was consistent with the expected results ([Figure 4](#fig4){ref-type="fig"}C). The results strongly suggested that miR-149-3p was upregulated during the osteoblastic differentiation period.Figure 4The Expression of miR-149-3p in BMSCs during Osteogenic Differentiation(A) ARS and ALP stainings were performed on day 14 of osteogenic induction. Scale bar, 100 μm. (B) Relative expression level of osteoblastic-related genes on day 14 of osteogenic induction. (C) The expression of miR-149-3p was analyzed by quantitative real-time PCR analysis during osteogenesis. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001. ALP, alkaline phosphatase; BGLAP, Osteocalcin; SPP1, secreted phosphoprotein 1; COL1A1, collagen type I alpha 1 chain; BMP4, bone morphogenetic protein 4; NM, normal culture medium; OM, osteogenic induced medium.

Increasing miR-149-3p Expression Stimulated the Osteogenic Differentiation and Ameliorated the Impaired Osteogenesis of BMSCs in OVX Mice {#sec2.5}
-----------------------------------------------------------------------------------------------------------------------------------------

In order to elucidate the function of miR-149-3p in the differentiation of BMSCs into osteoblasts, we applied ARS and ALP stainings to measure the matrix calcium deposition. As shown in photomicrographs of ARS and ALP stainings, transfection of miR-149-3p mimic greatly stimulated the osteoblast differentiation of BMSCs, resulting in more calcium depositions compared with mimic-NC ([Figure 5](#fig5){ref-type="fig"}A). Moreover, the expression levels of ALP, BGLAP, SPP1, COL1A1, and BMP4, as markers of osteogenic differentiation, were greatly increased after treatment with miR-149-3p mimic, which was displayed by quantitative real-time PCR analysis ([Figure 5](#fig5){ref-type="fig"}B). According to the pictures of immunofluorescence, BMSCs transfected with miR-149-3p mimic displayed slightly greater rates of RUNX2-positive cells with its NC ([Figure 5](#fig5){ref-type="fig"}C). ARS and ALP stainings indicated that the osteogenic potential of BMSCs isolated from OVX-induced osteoporotic mice was much lower than that from the Sham group ([Figure 5](#fig5){ref-type="fig"}D). Further analysis confirmed that overexpression of miR-149-3p could reverse the decrease in the osteogenic differentiation of BMSCs, which was caused by osteoporosis ([Figure 5](#fig5){ref-type="fig"}D). It was demonstrated that overexpression of miR-149-3p exhibited significant promotive effects on the osteogenic differentiation of BMSCs.Figure 5Osteogenesis of BMSCs Was Promoted by miR-149-3p Overexpression(A) Images and quantification analysis of ARS and ALP stainings in different groups were shown. Scale bar, 100 μm. (B) Relative mRNA expression of ALP, BGLAP, SPP1, COL1A1, and BMP4 was measured by quantitative real-time PCR analysis in BMSCs after treatment with miR-149-3p mimic. (C) Immunofluorescence was used to determine the role of miR-149-3p mimic in the expression of RUNX2, and the RUNX2-positive cells were counted. Scale bar, 100 μm. (D) ARS and ALP stainings showed that treatment with miR-149-3p mimic prevented osteoporosis-related decrease in the osteogenesis of BMSCs. Scale bar, 100 μm. \**p* \< 0.05, \*\*\**p* \< 0.001.

Knockdown of miR-149-3p Contributed to the Decrease in Osteogenic Differentiation of BMSCs {#sec2.6}
------------------------------------------------------------------------------------------

Then, we treated the cells with miR-149-3p AMO to silence miR-149-3p and provide direct evidence for the role of miR-149 in the osteogenesis of BMSCs. After being transfected with miR-149-3p AMO or AMO-NC, BMSCs were cultured in osteogenic induced medium. After 14 days of osteogenic differentiation, ARS staining indicated that knockdown of miR-149-3p significantly inhibited the osteogenic differentiation of BMSCs ([Figure 6](#fig6){ref-type="fig"}A). Furthermore, ALP staining revealed that miR-149-3p AMO suppressed the osteogenesis of BMSCs compared with its NC ([Figure 6](#fig6){ref-type="fig"}A). The mRNA expression of osteogenic-specific markers, ALP, BGLAP, SPP1, COL1A1, and BMP4, was also consistently significantly reduced by miR-149-3p AMO after osteogenesis of 14 days ([Figure 6](#fig6){ref-type="fig"}B). Immunofluorescence staining showed that when BMSCs were treated with miR-149-3p AMO, the number of RUNX2-positive cells was obviously reduced after osteogenic differentiation of 3 days ([Figure 6](#fig6){ref-type="fig"}C). Besides, BMSCs were collected from OVX-induced osteoporotic mice and Sham-operated mice, and the BMSCs were induced into osteoblasts ([Figure 6](#fig6){ref-type="fig"}D). The results of ARS and ALP stainings demonstrated that knockdown of miR-149-3p further reduced the osteogenesis of BMSCs from osteoporotic mice or control group ([Figure 6](#fig6){ref-type="fig"}D). Collectively, the above results indicated that the decrease of miR-149-3p inhibited the differentiation of BMSCs into osteoblasts.Figure 6Osteogenic Differentiation of BMSCs Was Inhibited by Knockdown of miR-149-3p(A) ARS and ALP staining showed that knockdown of miR-149-3p decreased the calcium deposits of BMSCs. Scale bar, 100 μm. (B) The expression of ALP, BGLAP, SPP1, COL1A1, and BMP4 in BMSCs treated with miR-149-3p AMO was monitored by quantitative real-time PCR analysis. (C) Immunofluorescent assay was used to detect the expression of RUNX2 after transfection of miR-149-3p AMO. Scale bar, 100 μm. (D) ARS and ALP stainings were performed to detect the role of miR-149 AMO in the osteogenesis of BMSCs collected from the Sham or the OVX group. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.

miR-149-3p Regulates the Differentiation of BMSCs by Inhibiting FTO {#sec2.7}
-------------------------------------------------------------------

To further confirm the mechanism about the stimulative effects of miR-149-3p on the osteogenic differentiation and the inhibitory effects of miR-149-3p on the adipogenic differentiation of BMSCs, we performed the bioinformatics analysis. The results showed that the FTO gene, a major adipogenesis-associated regulator, might be a potential target of miR-149-3p ([Figure 7](#fig7){ref-type="fig"}A). To clarify the detailed mechanism how miR-149-3p regulated FTO, we established luciferase reporter vectors that contained either a wild-type (WT) FTO 3′ UTR or a FTO 3′ UTR involving mutant sequences of the miR-149-3p binding site. As shown in [Figure 7](#fig7){ref-type="fig"}B, miR-149-3p mimic, but not its AMO, substantially inhibited the luciferase reporter activities elicited by the wild-type FTO 3′ UTR ([Figure 7](#fig7){ref-type="fig"}B). Furthermore, the luciferase activities produced by the vector carrying the mutated FTO 3′ UTR were not affected by miR-149-3p AMO ([Figure 7](#fig7){ref-type="fig"}B). Strikingly, the mRNA level of FTO was significantly downregulated by overexpression of miR-149-3p and upregulated by knockdown of miR-149-3p ([Figure 7](#fig7){ref-type="fig"}C). In addition, the protein expression level of FTO was decreased by miR-149-3p overexpression and enhanced by the miR-149-3p knockdown ([Figure 7](#fig7){ref-type="fig"}D). Taken together, these results revealed that miR-149-3p directly modulated the adipogenic differentiation of BMSCs by directly targeting FTO.Figure 7miR-149-3p Regulated the Adipogenesis by Targeting FTO(A) The binding sites between miR-149-3p and FTO were shown. (B) Luciferase reporter assay was performed to explore the relationship between miR-149-3p and FTO. (C) The mRNA expression of FTO was detected after transfection of miR-149-3p mimic or miR-149-3p AMO. (D) The protein expression of FTO was determined after transfection of miR-149-3p mimic or miR-149-3p AMO. \**p* \< 0.05, \*\*\**p* \< 0.001.

Discussion {#sec3}
==========

The maintenance of bone homeostasis is mainly dependent on osteoblast-mediated bone formation.[@bib22], [@bib23] BMSCs from patients with osteoporosis exhibit a significant decline in their ability to differentiate into osteoblasts with respect to adipocytes, which lead to progressive bone loss and fat accumulation in bone marrow.[@bib24], [@bib25] However, the mechanism behind this shift of cell lineage commitment of BMSCs requires further investigation.

A subset of miRNAs, including miR-216, miR-146a-5p, miR-26a, miR-29b, etc., have been reported to regulate BMSC lineage commitment and play a vital role in bone development.[@bib26], [@bib27] However, whether miRNAs are involved in the development of osteoporosis is probably undiscovered. Based on comprehensive miRNAs profiling, the results uncovered that miR-149-3p was decreased in BMSCs after adipogenic differentiation and increased in BMSCs after osteogenic differentiation. Moreover, consistent with the above results, transfection of miR-149-3p mimic significantly inhibited the adipogenic differentiation of BMSCs isolated from OVX-induced osteoporotic mice. And treatment with miR-149-3p mimic reversed the decrease in osteogenesis of BMSCs caused by osteoporosis, suggesting that miR-149-3p played a crucial role in the osteoporosis.

Recently, several miRNAs, particularly those targeting important regulators of osteogenesis or adipogenesis, have commonly been regarded as important fate determinants of BMSCs. As reported, miR-204 and miR-637 regulate the differentiation of BMSCs by targeting RUNX2 and Sp7 transcription factor (SP7), which are vital transcription factors in bone development.[@bib28], [@bib29] In addition, overexpression of miR-148b regulates the osteogenic differentiation of ADSCs via regulating BMP2.[@bib27] The fat mass and obesity-related (FTO) gene, one of critical factors in regulating body weight and fat mass, has been reported to be involved in common obesity and body mass index.[@bib30] FTO is involved in the fat accumulation mainly by regulating the adipogenesis during the process of adipogenesis.[@bib31] It was reported that inhibition of FTO or mutation in FTO resulted in the reduction of body weight and fat accumulation.[@bib32], [@bib33] In contrast, overexpression of FTO led to the increase in the body weight and fat mass. Our results demonstrated that miR-149-3p regulated the alternative lineages of BMSCs into adipocytes and osteoblasts by directly targeting FTO. The expression of miR-149-3p in BMSCs appeared to be reduced during adipogenic differentiation, whereas it was elevated during osteogenic differentiation. Overexpression of miR-149-3p decreased the number of oil drops and fat accumulation, mainly by inhibiting the adipogenic potential of BMSCs. However, inhibition of miR-149-3p increased the number of adipocytes and promoted the differentiation of BMSCs into adipocytes. Besides, further analysis showed that miR-149-3p played a positive role in the osteogenic differentiation of BMSCs, leading to the increase in the extracellular matrix maturation and mineralization. Our findings revealed that overexpression of miR-149-3p expression in BMSCs might be a new strategy to treat osteoporosis-related abnormal differentiation of BMSCs.

In conclusion, the current findings revealed the view that the miR-149-3p regulated the BMSC differentiation by inhibiting FTO. Our results suggested a new mechanism of osteoporosis-related imbalance between osteogenesis and adipogenesis, and further provided a novel target for treating osteoporosis.

Materials and Methods {#sec4}
=====================

BMSC Isolation and Culture {#sec4.1}
--------------------------

Animal procedures in this study were approved by the Animal Experimental Ethics Committee of Harbin Medical University. Primary mouse BMSCs were isolated from bone marrow by using established approaches described in previous reports.[@bib21], [@bib34] Female C57BL/6J mice (18--20 g) were purchased from the Experimental Animal Center of the Second Affiliated Hospital of Harbin Medical University. Under sterile conditions, the BMSCs were collected by flushing the femurs and tibias with normal culture medium (NM) (Cyagen Biosciences, USA), which was composed of culture basal medium, 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 1% glutamine. The cells were plated in 25-cm^2^ flasks (Nest, China) and cultured at 37°C, 5% CO~2~, and in a humidified incubator (Thermo, USA).

Cell Transfection {#sec4.2}
-----------------

When the confluence reached 50%--60%, the transfection was performed. Mmu-miR-149-3p mimic, miR-149-3p anti-miRNA oligonucleotide (AMO), and their respective NCs were purchased from GenePharma, China. The sequences of mmu-miR-149-3p mimic were: primary chain, 5′-GAGGGAGGGACGGGGGCGGUGC-3′, and passenger chain, 5′-ACCGCCCCCGUCCCUCCCUCUU-3′. The sequences of mimic-NC were: primary chain, 5′-UUCUCCGAACGUGUCACGUTT-3′ and passenger chain, 5′-ACGUGAACAGUUCGGAGAATT-3′. The sequence of mmu-miR-149-3p AMO was: 5′-GCACCGCCCCCGUCCCUCCCUC-3′. The sequence of AMO-NC was: 5′-CAGUACUUUUGUGUAGUACAA-3′. Transfection was performed in the presence of transfection reagent X-treme (Roche, Switzerland) and Opti Reduced Serum Medium (Invitrogen, USA). After transfection for 24 h, the cells were obtained for additional experiments.

Adipogenic Differentiation {#sec4.3}
--------------------------

For adipogenic differentiation of BMSCs, when the confluence reached 80%--90%, the cells were cultured in adipogenic differentiation medium (AM) (Cyagen Biosciences, USA) for 16 days. AM A consists of 175 mL culture medium, 10% FBS, 1% penicillin-streptomycin, 1% glutamine, 0.1% dexamethasone, 0.2% insulin, 0.1% rosiglitazone, and 0.1% isobutylmethylxanthine (IBMX). AM B was composed of 175 mL culture medium, 10% FBS, 1% glutamine, 1% penicillin-streptomycin, and 0.2% insulin. BMSCs were maintained in AM A for 3 days and then in AM B for 1 day to differentiate into adipocytes.

Osteogenic Differentiation {#sec4.4}
--------------------------

As for osteogenic induction, the BMSCs were seeded in 6-well or 24-well plates (Nest, China). When BMSCs reached the density of 80%--90%, the BMSCs were grown in the osteogenic induced medium (OM) (Cyagen Biosciences, USA) for 21 days, which contained 10% FBS, 1% glutamine, 0.2% ascorbic acid, 1% penicillin-streptomycin, 0.01% dexamethasone, and 1% β-glycerophosphate to be induced into osteoblasts.

ORO Staining and Quantitative Analysis {#sec4.5}
--------------------------------------

ORO staining was performed to detect the lipid droplet formation of BMSCs after adipogenic differentiation. After adipogenesis, the cells were washed by PBS (Solarbio, China) three times. Then, the cells were fixed in 4% paraformaldehyde (PFA) (Solarbio, China) for 30 min at room temperature. After being washed by PBS, the cells were stained by ORO staining dye liquor (Cyagen Bioscience, USA) for 20 min. Finally, 10 pictures were randomly taken by using an inverted optical microscope (Nikon, Japan) for analysis. The adipocytes exhibited the red oil droplets under a microscope. To perform the quantitative analysis, we counted the number of adipocytes per square millimeter (mm^2^).

ARS Staining and Quantitative Analysis {#sec4.6}
--------------------------------------

ARS staining was performed to detect the osteogenesis in BMSCs. In brief, the induced cells were rinsed by PBS and fixed in 4% PFA for 30 min at room temperature. After they were washed by PBS three times, BMSCs were incubated by ARS staining solution (Cyagen Bioscience, USA) for 20--30 min at room temperature. The photomicrographs were randomly taken under an optical microscope (Nikon, Japan). To quantify the degree of mineralization of BMSCs, the cells were washed by PBS and incubated in the presence of 100 mM cetylpyridinium chloride (Sigma, USA) for 1 h. After ARS was solubilized, the absorbance of the released ARS was detected at 570 nm using a microplate reader (TECAN, Switzerland).

ALP Staining and Quantitative Analysis {#sec4.7}
--------------------------------------

ALP staining was used to determine the mineralization of BMSCs maintained in the OM or NM, and we performed ALP staining using the method as described previously.[@bib21] The differentiated cells in 24-well plates were washed by PBS to remove medium, then fixed by 95% ethyl alcohol and stained with ALP staining solution for 4 h in a 37°C incubator followed by several washes with PBS. Then, 2% cobalt nitrate (Tianjin Tianli Chemical Reagents, China) and ammonium sulfide (Tianjin Fuyu Fine Chemical, China) was added into the plates, respectively. Besides, the pictures were captured under an inverted optical microscope (Nikon, Japan). To visualize the calcium deposition, we incubated the cells with 10 mM p-nitrophenyl phosphate (Dalian Meilunbio, China) for 30 min. Finally, the absorbance value (λ = 420 nm) was measured by using microplate reader.

RNA Isolation and Quantitative Real-Time PCR Analysis {#sec4.8}
-----------------------------------------------------

Total RNAs were extracted from cells by using TRIzol Reagent (Invitrogen, USA). A NanoDrop spectrophotometer (Thermo, USA) was applied to analyze the quantity and quality of RNAs. Then, 0.5 μg RNAs from each sample was reverse transcribed into cDNAs using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA). The condition was: 95°C for 10 min, 2 cycles at 37°C for 1 h, 85°C for 5 min, and cooling at 4°C. The expression of target genes was measured by quantitative real-time PCR analysis using SYBR Green Master reagents (Roche, Switzerland), double-distilled water, primers, and synthesized cDNAs. The condition was as follows: denaturation at 95°C for 10 s, 40 cycles at 95°C for 10 s and 60°C for 30 s. The expression level of genes was analyzed by U6 or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for normalization. The relative expression of target genes was assessed by the 2^−ΔΔCT^ approach. The sequences of primers used for quantitative real-time PCR amplification were listed subsequently in [Table 1](#tbl1){ref-type="table"}.Table 1The Primer Sequences Used for Quantitative Real-Time PCRPrimersClassificationSequence (5ʹ--3ʹ)Alkaline phosphatase (ALP)FACAACCTGACTGACCCTTCGRTCATGATGTCCGTGGTCAATOsteocalcin (BGLAP)FTTCTGCTCACTCTGCTGACCRTTTGTAGGCGGTCTTCAAGCSecreted phosphoprotein 1 (SPP1)FACACTTTCACTCCAATCGTCCRTGCCCTTTCCGTTGTTGTCCCollagen type I alpha 1 chain (COL1A1)FCAGCCGCTTCACCTACAGCRTTTTGTATTCAATCACTGTCTTGCCBone morphogenetic protein 4 (BMP4)FTCGTTACCTCAAGGGAGTGGRATGCTTGGGACTACGTTTGGCCAAT/enhancer binding protein alpha (CEBPA)FGTGTGCACGTCTATGCTAAACCARGCCGTTAGTGAAGAGTCTCAGTTTGCCAAT/enhancer binding protein beta (CEBPB)FTGGACAAGCTGAGCGACGAGRGAACAAGTTCCGCAGGGTGCCCAAT/enhancer binding protein delta (CEBPD)FCACGACTCCTGCCATGTACGRGCCGCTTTGTGGTTGCTGTTFatty acid binding protein 4 (FABP4)FTTCCTGTCGTCTGCGGTGATTRGATGCCTTTGTGGGAACCTGGPeroxisome proliferator-activated receptor gamma (PPARG)FTCACAAGAGGTGACCCAATGRCCATCCTTCACAAGCATGAAGlyceraldehyde-3-phosphate dehydrogenase (GAPDH)FCATCACTGCCACCCAGAAGACRCCAGTGAGCTTCCCGTTCAGmiR-149-3pFCGGGCGAGGGAGGGACGGGGRCAGCCACAAAAGAGCACAATRTCCTGTTGTCTCCAGCCACAAAAGAGCACAATATTTCAGGAGACAACAGGRNA, U6 small nuclear (U6)FGCTTCGGCAGCACATATACTAAAATRCGCTTCACGAATTTGCGTGTCATRTCGCTTCACGAATTTGCGTGTCAT[^2]

Immunofluorescence Staining {#sec4.9}
---------------------------

To observe the expression level of osteogenic-related genes and adipogenic-related genes of BMSCs, we conducted immunofluorescence staining according to the standard protocols. First, cells grown on sterile glass coverslips were washed by PBS gently. After fixation by 4% PFA for 30 min at room temperature, the cells were permeabilized by 0.4% Triton X-100 (Biosharp, China) for 30 min and blocked in the presence of 5% normal goat serum (Biosharp, China) for 30 min. Next, the cells were incubated with primary antibodies against RUNX2 (1:1,000; Abcam, UK) or PPARG (1:1,000; Abcam, UK) at 4°C overnight with gentle shaking. Then, the cells were incubated with the specified secondary antibodies for 1 h at room temperature in a dark room. Finally, the nuclei were counterstained with DAPI (Solarbio, China). Images were captured with a fluorescence microscope (Olympus, Japan) equipped with proper filters. Images were captured in 10 randomly chosen fields in each group.

Establishment of Osteoporotic Mice {#sec4.10}
----------------------------------

All animal experimental procedures were in compliance with the Ethics Committee of Harbin Medical University. Forty-eight C57BL/6J mice (8 weeks old, 18--20 g) were randomly assigned to the Sham group (n = 24) or the OVX group (n = 24). The mice from the OVX group received bilateral ovariectomy surgery, whereas the mice from the Sham group were subjected to excision of fat tissue near the ovaries after anesthetization. After 4 weeks, osteoporotic mouse models were successfully established.

Luciferase Reporter Analysis {#sec4.11}
----------------------------

The putative miR-149-3p recognition sites in the anti-FTO 3ʹ UTR were predicted by TargetScan 7.2 (<http://www.targetscan.org/vert_72/>). The FTO 3ʹ UTR reporter plasmid and the mutant form were cloned via using the 3′ UTR region of the psiCHECKTM vector (Promega, USA). The reporter vector together with the control or experimental miR-149-3p mimic or miR-149-3p AMO was transfected into cells when the cells reached 50%--60% confluence. The cells were collected after 48 h to assess the relative luciferase activities of the firefly and renilla luciferase using a Dual Luciferase Reporter assay (Promega, USA) as described by the manufacturer's instructions.

Western Blot {#sec4.12}
------------

Quantitative analysis on the change of protein expressions was conducted by western blot analysis according to the previous reports.[@bib35], [@bib36] After transfection and induction, the cells were harvested for western blotting analysis. The cells were incubated by radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, China) at 4°C for 30 min to extract total proteins. Then, approximately 60 μg of total cell lysates was separated by SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, USA). The membranes were blocked with 5% non-fat milk for 2 h and immunoblotted overnight at 4°C with anti-FTO (Abcam, UK) or anti-β-actin (ZSGB-BIO, China). Membranes were then incubated with secondary antibodies for 1 h at room temperature in a dark room. The blotted bands were visualized using Image Studio software (Alias, USA).

Statistical Analysis {#sec4.13}
--------------------

All data in this work were expressed as mean ± SEM from at least three replicates for each experiment. Comparisons between two groups were performed using the Student's unpaired t test by the GraphPad prism software (GraphPad Software, USA). A value of \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 was considered statistically significant.
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